The phenotypic defects of three temperature-sensitive (ts) mutants of vaccinia virus, the ts mutations of which were mapped to the gene for one of the high-molecular-weight subunits of the virion-associated DNA-dependent RNA polymerase, were characterized. Because the virion RNA polymerase is required for the initiation of the viral replication cycle, it has been predicted that this type of mutant is defective in viral DNA replication and the synthesis of early viral proteins at the nonpermissive temperature. However, all three mutants synthesized both DNA and early proteins, and two of the three synthesized late proteins as well. RNA synthesis in vitro by permeabilized mutant virions was not more ts than that by the wild type. Furthermore, only one of three RNA polymerase activities that was partially purified from virions assembled at the permissive temperature displayed altered biochemical properties in vitro that could be correlated with its ts mutation: the ts13 activity had reduced specific activity, increased temperature sensitivity, and increased thermolability under a variety of preincubation conditions. Although the partially purified polymerase activity of a second mutant, ts72, was also more thermolabile than the wild-type activity, the thermolability was shown to be the result of a second mutation within the RNA polymerase gene. These results suggest that the defects in these mutants affect the assembly of newly synthesized polymerase subunits into active enzyme or the incorporation of RNA polymerase into maturing virions; once synthesized at the permissive temperature, the mutant polymerases are able to function in the initiation of subsequent rounds of infection at the nonpermissive temperature.
The phenotypic defects of three temperature-sensitive (ts) mutants of vaccinia virus, the ts mutations of which were mapped to the gene for one of the high-molecular-weight subunits of the virion-associated DNA-dependent RNA polymerase, were characterized. Because the virion RNA polymerase is required for the initiation of the viral replication cycle, it has been predicted that this type of mutant is defective in viral DNA replication and the synthesis of early viral proteins at the nonpermissive temperature. However, all three mutants synthesized both DNA and early proteins, and two of the three synthesized late proteins as well. RNA synthesis in vitro by permeabilized mutant virions was not more ts than that by the wild type. Furthermore, only one of three RNA polymerase activities that was partially purified from virions assembled at the permissive temperature displayed altered biochemical properties in vitro that could be correlated with its ts mutation: the ts13 activity had reduced specific activity, increased temperature sensitivity, and increased thermolability under a variety of preincubation conditions. Although the partially purified polymerase activity of a second mutant, ts72, was also more thermolabile than the wild-type activity, the thermolability was shown to be the result of a second mutation within the RNA polymerase gene. These results suggest that the defects in these mutants affect the assembly of newly synthesized polymerase subunits into active enzyme or the incorporation of RNA polymerase into maturing virions; once synthesized at the permissive temperature, the mutant polymerases are able to function in the initiation of subsequent rounds of infection at the nonpermissive temperature.
The vaccinia virus virion contains a number of enzyme activities that are involved in mRNA biosynthesis, including a DNA-dependent RNA polymerase and capping, methylating, and polyadenylating enzymes (for reviews, see references 11 and 29) . Viral cores prepared in vitro by treatment of purified virions with a nonionic detergent and a reducing agent synthesize RNA that is similar to in vivo mRNA. It is capped at the 5' end, is poly(A)+ at the 3' end, is similar in size, and can be translated in vitro to yield authentic viral proteins. In vivo, early viral mRNA is made by the enzymes within partially uncoated virions, and thus their action is required for the initiation of the viral replication cycle. The isolation of conditionally lethal mutants with defects in the virion-associated enzymes would be instrumental in understanding the molecular mechanisms of mRNA biogenesis. Because of the role that these enzymes play in the initiation of infection, it has been predicted (37) that this type of mutant would not induce the synthesis of early viral proteins or replicate viral DNA under nonpermissive conditions. Less than 10% of the temperature-sensitive (ts) mutants in any one collection are DNA-minus, however; and no ts mutants have been identified thus far that fail to induce the synthesis of early viral proteins at the nonpermissive temperature (7-10, 12, 13, 25) . Thus, either the techniques that were employed to isolate ts mutants selected against virionassociated enzyme mutants or the enzyme mutants that were generated did not have the predicted phenotype.
The vaccinia virus RNA polymerase is a complex enzyme composed of seven to eight subunits, two of which have molecular weights of approximately 135,000 (135K subunits) (2, 32, 36) . In two laboratories the gene for one of the 135K subunits has been mapped to the region of the HindIII-J and -H restriction endonuclease site on the vaccinia virus DNA (5, 28) . A single early mRNA with a translational product that was previously estimated to be a 110K subunit has been mapped precisely within this region (1, 26) . I report here the phenotypic characterization of three mutants, ts8, tsl3, and ts72, in one complementation group with ts lesions that have been mapped to the region of the HindIII-J and -H junction (16) . The mutations in ts8 and tsl3 have been previously shown to lie within the gene for the RNA polymerase 135K subunit (16) , and here I show that the mutation in ts72 also lies within this gene. Contrary to the prediction that RNA polymerase mutants are defective in the early stages of the replication cycle, these mutants did synthesize early viral proteins and DNA at the nonpermissive temperature, and two of the three synthesized late proteins. Furthermore, biochemical studies with the RNA polymerase that was partially purified from virions produced at the permissive temperature revealed that only one of the mutant RNA polymerase activities is ts in vitro. Thus, it is likely that the primary effect of the ts defects of these mutants is on the assembly of newly synthesized RNA polymerase subunits into active enzyme or the assembly of the RNA polymerase into maturing virions.
MATERIALS AND METHODS Cells, virus, and virus purification. The isolation of ts mutants of vaccinia virus strain WR, preparation of viral stocks, and virus titration by plaque assay employing BSC40 cells have been described elsewhere (13) . Virions were purified from suspension cultures of HeLa cells infected at 33°C by two sequential sucrose gradient sedimentations (22 [17] ). The lysate was scraped into a centrifuge tube, frozen and thawed five times in a dry ice-ethanol bath, and centrifuged for 15 min at 10,000 rpm in a Sorvall rotor. The supernatant was carefully removed, and a portion of each sample representing an equivalent number of cells was electrophoresed on 10% SDS-polyacrylamide gels by using the discontinuous buffer system described by Laemmli (24) . Assay of permeabilized virions for RNA polymerase, mRNA methyltransferase, and poly(A) polymerase activities. Purified mutant or wild-type virions were incubated in a standard reaction mixture (0.1 ml) containing 50 mM Tris hydrochloride (pH 8.4), 5 mM dithiothreitol, 0.05% Nonidet P-40, and 0.4 A260 units of virus (39) . The following additional components were added to specific reaction mixtures: (i) DNAdependent RNA polymerase-2 mM ATP, 1 mM each of CTP and GTP, 0.5 mM [3H]UTP (20 (4) .
Thermal inactivation of RNA polymerase activity. Partially purified RNA polymerase activities were incubated at the indicated temperatures in the standard reaction mixture containing 10% glycerol and from which DNA, all four ribonucleoside triphosphates, or both DNA and ribonucleoside triphosphates were omitted. Samples (50 pul) were withdrawn and mixed at 4°C with an equal volume of the standard reaction mixture containing twice the normal concentration of the component that was omitted from the preincubation mixture. The samples were kept on ice for 30 min and then incubated at 33°C for 30 min to determine the amount of residual polymerase activity.
Marker rescue. Marker rescue employing cloned restriction endonuclease fragments of wild-type vaccinia virus DNA was performed by the two-step procedure described previously (15 (25) . Although the defective late mutants described by Condit and Motyczka (8) (Table 1) . However, tsl3 virions contained only one-fourth of the RNA polymerase activity that was found in the wild type. To determine if the reduced incorporation of radioactivity into RNA by tsl3 virions was a direct effect of the mutation in the RNA polymerase or a more general virion defect, I assayed permeabilized virions for two other enzyme activities that are involved in the production of mature mRNA: mRNA methyltransferase in an assay that is dependent on transcription for the generation of the substrate (39) and poly(A) polymerase in an assay that is independent of transcription with poly(dA-dT) as primer (30) . Both of these activities were present in ts8 and ts72 virions in quantities that were similar to those present in wild-type virions (Table 1) . In tsl3 virions, however, the methyltransferase activity was reduced, while the poly(A) polymerase activity was closer to the level observed in the wild-type virions. SDS-polyacrylamide gel electrophoresis of virion polypeptides revealed that tsl3 virions contain an equivalent amount of the high-molecular-weight subunits of the RNA polymerase relative to that of the wild type (data not shown). Because virions purified from tsl3-infected cells always had a three-to fivefold higher particle-to-PFU ratio than the wild type, these results suggest that the noninfectious particles contain reduced or inactive RNA polymerase activity.
Biochemical characterization of the RNA polymerase activity solubilized from mutant and wild-type virions. To investigate the biochemical properties of the RNA polymerase of these mutants, the enzyme activities were partially purified from disrupted virions following the initial steps of the protocol described by Baroudy and Moss (2) (see above). The specific activity of the partially purified RNA polymerase of tsl3 was only 16% of the wild type activity, whereas J. VIROL. the specific activities of the ts8 and ts72 polymerases were 100 and 51% of the wild type activity, respectively ( Table 2) . I also compared the levels of the solubilized mRNA methyltransferase and poly(A) polymerase activities, which are present in the flowthrough of the DEAE-Sepharose column (2) . Both of these activities were present in all three mutants at levels approximating those in the wild type (Table 2) . Thus, the reduction of the mRNA methyltransferase activity that was seen with permeabilized tsl3 virions ( Table 1) was due to the dependence of the methyltransferase on the activity of the RNA polymerase for the generation of its substrate. I next examined the kinetics of incorporation of [3H]UMP into macromolecular material by the solubilized mutant and wild-type RNA polymerase activities at 33, 39.5, and 42°C. Although the tsl3 activity displayed somewhat increased temperature sensitivity at both 39.5 and 42°C relative to that at 33°C (Fig. 3) , neither the ts8 nor the ts72 activities were more ts than the wild type. However, if I first preincubated the polymerase activities at 43°C in the absence of DNA for various times before I assayed the residual activity at 33°C, the ts72 activity was markedly more thermolabile than the wild-type activity (Fig. 4A) 39 .5°C formed small plaques. Therefore, I plaque purified three large-and three small-plaque recombinants from independent marker rescue experiments and partially purified the RNA polymerase activity from purified virions as described above. The polymerase activities from all three of the large-plaque recombinants regained the thermolability pattern of the wild-type activity, while those from the small-plaque recombinants retained the thermolability of the ts72 activity. The data for one large-and one small-plaque recombinant are shown in Fig. 5 . The most likely explanation for these results is that ts72 does in fact contain two mutations, both of which lie within the 2.85-kbp HindIII-EcoRI fragment that was used in the marker rescue experiment. Although the major transcript encoded within the HindIII-H-EcoRI fragment is the 1.35K subunit of the RNA polymerase, one additional early and 4 . Thermal inactivation of mutant and wild-type RNA polymerase activities. Partially purified RNA polymerase activities were incubated at the indicated temperatures in the standard RNA polymerase reaction mixture from which DNA (A), all four ribonucleoside triphosphates (B), or b6th DNA and ribonucleoside triphosphates (C) were omitted. Samples were withdrawn at the indicated times and assayed for residual polymerase activity at 33°C, as described in the text. Symbols: A, wild-type; A, ts8; 0, tsl3; *, ts72. The protein concentrations during the preincubation were as follows (in micrograms per milliliter): wild type, 11.3; ts8, 11.8; tsl3, 22.8; ts72, 21.8. two late transcripts have been mapped near the EcoRI site (5, 26, 27) (Fig. 6 ). To determine if both mutations lie within the gene for the RNA polymerase subunit, I employed two smaller subfragments of HindIII-H to rescue ts72: a 2,032-bp subfragment that extends from the HindIII-J and -H restriction site to a unique AhallI site and a slightly smaller fragment from the HindIll site to an AvaIl site at nucleotide 1864 (Fig. 6) . The HindIII-H-AhaIII fragment contains all of the coding sequence of the RNA polymerase subunit that lies within HindIII-H and an additional 37 bp that includes 34 bp of coding sequence of a late 19K polypeptide (5) . The AvaIl site is 131 bp upstream of the polymerase subunit termination codon. Marker rescue was performed at 33°C, and the final yield of virus was assayed at 33 and 39.5°C to determine Minutes at 420C FIG. 5 . Thermal inactivation of ts72 and recombinant RNA polymerase activities. Recombinants that were able to form plaques at 39.5°C were selected from marker rescue of ts72 with the wild-type 2.85-kbp HindIII-H-EcoRI DNA fragment (15) . The partially purified RNA polymerase activities of one small-plaque and one large-plaque recombinant were preincubated at 42°C in the absence of DNA as described in the text. Symbols: A, wild type (11.9 ,ug/ml); A, large-plaque recombinant (8.8 ,ug/ml); *, ts72 (15 ,ug/ml); 0, small-plaque recombinant (16.4 p.g/ml). FIG. 6 . Summary of restriction endonuclease sites, RNA transcripts, DNA fragments used in marker rescue, and physical map locations of ts mutants. Restriction endonuclease sites are takerl from previously published reports (1, 3, 5, 26, 27, 34 (1, 5, 20, 26, 27 (27) . (B) Recombinant DNA fragments used in marker rescue of ts72 (Table 3) Fig. 6 ). The requirement for this enzyme in the initiation of the vaccinia virus replication cycle has led to the prediction that ts mutants with defects in the RNA polymerase would not induce the synthesis of early viral proteins or replicate viral DNA at the nonpermissive temperature. However, none of the mutants described here had the predicted phenotype: all three induced the synthesis of early viral proteins and replicated viral DNA (1) (Fig. 1 and 2) . Furthermore, the synthesis of RNA in vitro by permeabilized mutant virions was not ts relative to the wild type (Table 1) .
Only one mutant (tsl3) synthesized an RNA polymerase activity at 33°C that displayed altered biochemical properties in vitro that could be associated with its ts mutation. The partially purified tsl3 activity had a reduced specific activity, increased temperature sensitivity at 39.5 and 42°C, and increased thermolability under a variety of preincubation conditions. Although the ts72 activity was also more thermolabile than the wild-type activity, the thermolability marker was distinct from the ts mutation (see below). The lack of temperature sensitivity of the partially purified ts8 and ts72 activities could be explained if the ts defects of these mutants affected only accurate initiation on doublestranded vaccinia virus DNA because the partially purified enzyme initiates randomly on single-stranded DNA templates. However, the observation that early viral proteins and DNA are synthesized in cells that are infected by these mutants at 39 .5°C and that even late viral proteins are synthesized in ts8-infected cells (and tsl3-infected cells) demonstrates that the mutant RNA polymerases, once they are formed at 33°C, are able to initiate tanscription accurately at 39.5°C.
The most likely explanation for the results of this study is that these mutants are defective in the assembly of newly synthesized polymerase subunits into active enzyme or the incorporation of RNA polymerase into maturing virions. Once assembled at the permissive temperature, the activity may be stabilized by the associatioti between different subunits or between the polymerase and other proteins or DNA within the virion. In the Escherichia coli system, the majority of ts mutations in the 3 and ,' subunits of the RNA polymerase (18) contains two mutations, one of which is primarily responsible for its ts replication and the second of which is responsible for the increased thermolability of the RNA polymerase. The small-plaque recombinants have acquired the wild-type allele at the ts locus, while the large-plaque recombinants are wild type at both the ts and thermolability loci. I did not attempt to isolate recombinants that were still ts but that had regained a thermostable polymerase activity. The greatly reduced proportion of large-plaque recombinants that were obtained in marker rescue experiments that employed DNA fragments that were shortened near the 3' terminus of the mRNA (Table 3 and Fig. 6 ) suggests that the thermolability marker lies closer to the 3' end of the gene than does the temperature sensitivity marker. It should be noted that ts72 was isolated after mutagenesis with nitrosoguanidine, which commonly induces multiple, closely spaced mutations (19) .
The three mutants in this complementatin group differ in their ability to induce the synthesis of late viral polypeptides at the nonpermissive temperature. Late proteins are synthesized, although with some delay, in cells infected with ts8 or tsl3, while the synthesis of late species is greatly reduced in ts72-infected cells. At present it is not known whether late genes are transcribed by the RNA polymerase of the infecting virion or by newly synthesized polymerase. Although results of early studies on the induction of the RNA polymerase indicated that it was a late function that appeared only after the onset of DNA replication, these studies were performed before conditions had been established that allowed the measurement of soluble polymerase activity (23, 31, 33) . Thus, it is most likely that in these studies the particulate activity associated with maturing virions was measured. Because the mRNA for the 135K subunit is an early transcript and because it has been suggested that two early core polypeptides are in fact the high-molecular-weight subunits of RNA polymerase, it is possible that there is a small amount of newly synthesized RNA polymerase activity that is responsible for late transcription. If this is the case, the mutations in the ts8 and tsl3 activities, but not in the ts72 activity, would have to allow sufficient polymerase to assemble to carry out late transcription. Alternatively, if the polymerase of the infecting virions transcribes late genes, it is possible that the ts72 activity is either unable to recognize late promoters or to interact with putative viral or host transcriptional factors that allow discrimination between early and late promoters. These three mutants may prove to be useful in deciphering the mechanism of the switch from early to late transcription. 
